Abstract: Background and Objectives: Radiation enteritis is a common side effect after radiotherapy for abdominal and pelvic malignancies. The aim of the present study was to investigate the protective effect of melatonin, known for its free radical scavenging ability, against radiotherapy-induced small intestinal oxidative damage. Materials and Methods: Thirty male Wistar rats were randomly assigned to six groups (5 rats in each) as follows: Group I (control group) rats received neither radiation nor melatonin; group II rats received only 8 Gy single dose of gamma radiation to their abdomen and pelvis regions; group III (administered with only 50 mg/kg melatonin); group IV (administered with only 100 mg/kg melatonin); group V (50 mg/kg melatonin + 8 Gy radiation), group VI (100 mg/kg melatonin + 8 Gy radiation). All rats were sacrificed after 5 days for biochemical assessments of their intestinal tissues. Results: Treatment with melatonin post irradiation significantly reduced malondialdehyde (MDA) levels as well as increased both superoxide dismutase (SOD) and catalase (CAT) activities of the irradiated intestinal tissues. In addition, melatonin administration with different doses pre irradiation led to protection of the tissues. Moreover, the 100 mg/kg dose was more effective compared to 50 mg/kg. Conclusions: The results of our study suggest that melatonin has a potent protective effect against radiotherapy-induced intestinal damage, by decreasing oxidative stress and increasing antioxidant enzymes. We recommend future clinical trials for more insights.
Introduction
Radiotherapy (RT) is one of the major cancer treatment modalities utilized by approximately 50-70% of cancer patients during their treatment course [1] . RT makes use of ionizing radiation to treat cancers such as abdominal and pelvic malignancies [2] . During RT for abdominal and pelvic malignancies, the intestines are inevitably exposed to radiation. The intestines are highly sensitive to ionizing radiation; hence, radiation-induced intestinal injuries are serious concerns after RT which can lead to a reduction in patient's quality of life as well as death.
The degree of radiation-induced damages and toxicities to the intestines depends on the radiation dose as well as the volume of intestinal segment that falls within the radiation field [3, 4] . Radiation enteritis commonly occurs during RT for abdominal cancers [5] . This complaint is recurrent and produces severe complications [2] . Exposure to ionizing radiation leads to mucosal injury and Group III (melatonin 50 mg/kg): 50 mg/kg melatonin was administered once to the rats via IP route.
Group IV (melatonin 100 mg/kg): 100 mg/kg melatonin was administered once to the rats via IP route.
Group V (melatonin 50 mg/kg + 8 Gy gamma radiation): 50 mg/kg melatonin was administered once via IP route 30 min before irradiation, based on a previous study [30] .
Group VI (melatonin 100 mg/kg + 8 Gy gamma radiation): 100 mg/kg melatonin was administered once via IP route 30 min before irradiation, according to previous studies [28, 31] .
Tissue Samples
Five days after irradiation, all rats were sacrificed. Samples of their small intestines were then collected under sterile conditions. These tissue specimens were frozen in liquid nitrogen, and stored at −35 • C. Afterwards, malondialdehyde (MDA) level (a marker of oxidative stress), and antioxidant system markers (SOD and CAT activities) were analysed biochemically.
Biochemical Analysis
100 mg of frozen small intestinal tissues were cut into pieces and homogenized in ice-cold Tris-HCl buffer according to tissue weight (50 mmol/L, pH 7.4) using a homogenizer (Ultra Turrax IKAT18 basic homogenization; Werke, Staufen, Germany) for 3 min at 6000 rpm. The supernatant solution was extracted with an equal volume of ethanol/chloroform mixture (3/5, volume per volume [v/v]). After centrifugation at 3000× g rpm for 30 min, the upper layer was used to analyse the total tissue protein levels (MDA, SOD and CAT).
MDA Measurement
MDA levels of the tissue samples were measured using ZellBio MDA kit (ZellBio GmbH, Ulm, Germany). The assay was assessed in terms of the amount of pink colour produced by the interaction of barbituric acid with MDA at high temperature and measured in an acidic media and heat (90-100 • C) as well as at room temperature with the aid of a spectrophotometer (Eon, Bio TeK, Winooski, VT, USA) at 535 nm.
CAT Activity Measurement
CAT activity, representing the amount of sample that will catalyse the decomposition of 1 µmol of H 2 O 2 to water (H 2 O) and oxygen (O 2 ) in 1 min, was measured using ZellBio CAT kit (ZellBio GmbH, Ulm, Germany). The assay was based on the CAT-induced decomposition of H 2 O 2 into H 2 O and O 2 . A spectrophotometer (Eon, Bio TeK, Winooski, VT, USA) at 405 nm, was used to measure the chromogen colour at room temperature.
SOD Activity Measurement
SOD activity, representing the amount of sample that will catalyse the decomposition of 1 µmol of oxygen radical (O 2 -) to H 2 O 2 and O 2 in 1 min, was measured using ZellBio SOD kit (ZellBio GmbH, Ulm, Germany). The conversion of superoxide anion to H 2 O 2 and O 2 under enzymatic reaction conditions was applied in this kit. A spectrophotometer (Eon, Bio TeK, Winooski, VT, USA) at 420 nm, was used to measure the chromogen colour at room temperature.
Statistical Analysis
Data were expressed as mean ± standard deviation (SD). All statistical analyses were performed using SPSS software version 22 (IBM, Chicago, IL, USA). One-way analysis of variance (ANOVA) followed by Tukey's post hoc test, were used to analyse the differences between the various groups. Statistical significance was set at p < 0.05.
Results

MDA Level
Five days after irradiation, MDA levels in the intestinal tissue samples of the radiation treated group were significantly higher compared to both radiation + melatonin (100 mg/kg and 50 mg/kg) and control groups, (p < 0.05) (Figure 1 ). However, treatment with melatonin before irradiation reduced MDA levels significantly (p < 0.05). Melatonin also significantly reduced MDA levels in the intestinal tissues compared to control group (p < 0.05). No significant differences were observed between the MDA levels of control group compared with radiation + melatonin (50 mg/kg) group (p > 0.05). Furthermore, it was observed that the melatonin dose of 100 mg/kg was more effective compared to 50 mg/kg dose in reducing radiation toxicity to the small intestine.
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MDA Level
Five days after irradiation, MDA levels in the intestinal tissue samples of the radiation treated group were significantly higher compared to both radiation + melatonin (100 mg/kg and 50 mg/kg) and control groups, (p < 0.05) (Figure 1 ). However, treatment with melatonin before irradiation reduced MDA levels significantly (p < 0.05). Melatonin also significantly reduced MDA levels in the intestinal tissues compared to control group (p < 0.05). No significant differences were observed between the MDA levels of control group compared with radiation + melatonin (50 mg/kg) group (p > 0.05). Furthermore, it was observed that the melatonin dose of 100 mg/kg was more effective compared to 50 mg/kg dose in reducing radiation toxicity to the small intestine. 
CAT Activity
Five days after irradiation, results showed significantly lower CAT activity in the small intestinal tissue samples of radiation group compared to control group (p < 0.05) ( Figure 2 ). Treatment with melatonin after irradiation reversed CAT activity (p < 0.05). In addition, melatonin treatment significantly increased CAT activity of the intestinal tissues compared to control group (p < 0.05). No significant difference was observed between the levels of CAT in the intestinal tissues of control group compared with radiation + melatonin (50 mg/kg) group (p > 0.05). In addition, 100 mg/kg melatonin dose had a more potent effect compared to 50 mg/kg in reducing radiation-induced toxicity to the small intestine. 
Five days after irradiation, results showed significantly lower CAT activity in the small intestinal tissue samples of radiation group compared to control group (p < 0.05) (Figure 2 ). Treatment with melatonin after irradiation reversed CAT activity (p < 0.05). In addition, melatonin treatment significantly increased CAT activity of the intestinal tissues compared to control group (p < 0.05). No significant difference was observed between the levels of CAT in the intestinal tissues of control group compared with radiation + melatonin (50 mg/kg) group (p > 0.05). In addition, 100 mg/kg melatonin dose had a more potent effect compared to 50 mg/kg in reducing radiation-induced toxicity to the small intestine. 
SOD Activity
As observed in Figure 3 , five days after irradiation, there was significantly lower SOD activity in the small intestinal tissue samples of radiation treated group compared to control group (p < 0.05). However, treatment with melatonin before irradiation reversed SOD activity to normal (p < 0.05). Furthermore, in melatonin (100 mg/kg) group, there was significant increase in the SOD activity of intestinal tissue compared to control group (p < 0.05). There was no significant difference between the levels of SOD in the intestinal tissues of control group compared with radiation + melatonin (50 mg/kg) group (p > 0.05). Similarly, 100 mg/kg melatonin dose was more effective compared to 50 mg/kg in reducing radiation-induced toxicity to the small intestine. 
Discussion
Small intestinal injury is a severe complication that can arise after RT for abdominal and pelvic cancers. This side effect can affect both surrounding and distant organs [32] . Reactive oxygen species (+) are considered the main underlying cause of intestinal injury [33] . They have been shown to initiate oxidative stress and apoptosis [34] . Studies have suggested that reduction and oxidation (redox) metabolism in cells changes in response to ionizing radiation and plays a central role in radiation toxicity to normal tissue [35] . Free radicals produced after interaction with ionizing radiation cause upregulation of cyclooxygenases (COXs), nitric oxide synthase (NOS), lipoxygenases (LOXs) as well as nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase), leading to DNA damage as well as cell death in non-irradiated cells. Mitochondrial functions are also affected, with suppression of mitochondria activity associated with inhibition of ROS/NO production [36] . Advancements in RT methods such as conformal RT, stereotactic body RT (SBRT), intensity-modulated RT (IMRT) and image-guided RT (IGRT) limit the radiation doses to the irradiated volume, thereby sparing healthy tissues during irradiation [37, 38] . The Bragg peak phenomenon is also another technique employed in heavy particle radiation for reducing radiation exposure to normal tissues [39] .
The use of natural products for protection against detrimental effects of ionizing radiation has been explored in numerous experimental studies [40] . Some of the factors which support the choice of natural products include their minimal toxicities, availability and cost effectiveness [41, 42] . Hence, in present study we explored the potentials of a natural agent, melatonin, which has been reported for its potent antioxidant effects against oxidative stress, for protection against radiotherapy-induced small intestinal oxidative injury.
Intestinal toxicity was induced by irradiating the abdomen and pelvis of rats with 8 Gy single dose gamma radiation. Afterwards, we assessed intestinal damage using biochemical parameters. Results of biochemical evaluation showed that exposure to radiation led to significant intestinal tissue damage. Moreover, comparison between the radiation and control groups showed a significant increase in MDA production in the radiation group. Thus, this finding confirms that 
Intestinal toxicity was induced by irradiating the abdomen and pelvis of rats with 8 Gy single dose gamma radiation. Afterwards, we assessed intestinal damage using biochemical parameters. Results of biochemical evaluation showed that exposure to radiation led to significant intestinal tissue damage. Moreover, comparison between the radiation and control groups showed a significant increase in MDA production in the radiation group. Thus, this finding confirms that exposure to radiation induces oxidative stress by increasing MDA levels of the small intestinal tissues [43, 44] . MDA is commonly used as a marker of lipid peroxidation in tissues [45] . MDA is secreted as a result of ROS formation due to the oxidation of unsaturated fatty acids in the cell membrane. ROS targets lipids, proteins and DNA [46] . Our results were in agreement with previous studies which showed that the formation of ROS is associated with small intestinal damage [47] [48] [49] .
Another important finding in our study is the reduction in both SOD and CAT activities of small intestinal tissue after radiation exposure. This further demonstrates the adverse effects of radiation on antioxidant system. It has been shown that excess production of free oxygen radicals interrupts the equilibrium between the oxidation and antioxidant systems [50] . This imbalance could result to various diseases, as observed in several studies [28, 51] . SOD is a class of antioxidant enzymes with ability to counter cellular oxidative damage due to ROS in the body [52] . During oxidative damage, the level of this enzyme within the tissues is elevated in order to protect them. SOD converts O 2 -into H 2 O 2 while CAT detoxifies H 2 O 2 into H 2 O and O 2 [53] .
Furthermore, the current study showed that melatonin treatment (50 mg/kg and 100 mg/kg) before irradiating the small intestinal tissues prevented radiation-induced oxidative stress as well as increased antioxidant system, which are in agreement with a previous study [54] . Moreover, these effects were dose-dependent, with the melatonin dose of 100 mg/kg more effective compared to 50 mg/kg in reducing MDA level and enhancing SOD and CAT activities, which is in agreement with several studies [28, 54] . In addition, these melatonin doses had no toxic effect on the animals, which is in line with previous studies that reported the safety of melatonin [55, 56] .
Several experimental studies have reported different time intervals for observing radiation-induced injury, varying between 3 days to 1 month [50, 57] . It has been reported that the initial phase of the effects of ionizing radiation are observed in the first 1-3 days while life threatening effects were observed from 2 weeks after irradiation [58] . Therefore, in present study, we chose the 5-day interval for investigating intestinal damage.
A clinical study by Ben-David et al. reported the ability of melatonin to protect against radiodermatitis (which is commonly observed after RT for breast cancer) [59] . As an adjuvant in chemoradiation for head and neck cancer, melatonin administration has been shown to delay the appearance of grade 3 oral mucositis and grade 2 xerostomia, leading to uninterrupted treatment, thereby improving both treatment outcomes and patients' quality of life [60, 61] . Results from these clinical findings are encouraging towards future clinical studies on the efficacy of melatonin for protection against radiotherapy-induced small intestinal damages.
Conclusions
In the present study, biochemical evaluations showed that oxidative stress is elevated in radiotherapy-induced small intestinal toxicity. Furthermore, melatonin administration before irradiation improved antioxidant effects by decreasing oxidative stress. Thus, these findings in addition to evidences from literature, suggest that melatonin could prevent the development of enteritis caused by RT. Given the positive effects of melatonin on lipid peroxidation and the antioxidant system in the small intestinal tissue, our findings suggest that it could be an effective radioprotector against radiotherapy-induced small intestinal damages. It is also important to note that the effectiveness of melatonin was dose dependent. We recommend future clinical studies to further assess the efficacy of this natural product in protecting against small intestinal damage due to RT. Funding: This research received no external funding.
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